One of the hallmarks of Alzheimer's disease is the formation of neurofibrillary tangles, intracellular aggregates of hyperphosphorylated, mislocalized tau protein, which are associated with neuronal loss. Changes in tau are known to impair cellular transport (including that of mitochondria) and are associated with cell death in cell culture and mouse models of tauopathy. Thus clearing pathological forms of tau from cells is a key therapeutic strategy. One critical modulator in the degradation and clearance of misfolded proteins is the co-chaperone CHIP (Carboxy terminus Hsp70 interacting Protein), which is known to play a role in refolding and clearance of hyperphosphorylated tau. Here, we tested the hypothesis that CHIP could ameliorate pathological changes associated with tau. We find that co-expressing CHIP with full-length tau, tau truncated at D421 mimicking caspase cleavage, or the short tau RD K280 tau construct containing only the tau repeat domain with a tauopathy mutation, decreases tau protein levels in human H4 neuroglioma cells in a manner dependent on the Hsp70-binding TPR domain of CHIP. The observed reduction in tau levels by CHIP is associated with a decrease of tau phosphorylation and reduced levels of cleaved Caspase 3 indicating that CHIP plays an important role in preventing tau-induced pathological changes. Furthermore, tau-associated mitochondrial transport deficits are rescued by CHIP co-expression in H4 cells. Together, these data suggest that the co-chaperone CHIP can rescue the pathological effects of tau, and indicate that other diseases of protein misfolding and accumulation may also benefit from CHIP upregulation.
INTRODUCTION
The tau-protein is a natively soluble protein that plays a key role in the dynamics of microtubules.
In the pathological case of Alzheimer's disease (AD) tau becomes hyperphosphorylated, detaches from the microtubules, misfolds, and mislocalizes to the somatodendritic compartment where it aggregates into neurofibrillary tangles. These intracellular inclusions of abnormal fibrillar forms of tau play an important role in AD [1, 2] .
Pathological changes in tau damage cells at least in part by altering microtubule-dependent cellular transport. The overexpression of full-length tau in Chinese hamster ovary (CHO) cells [3] , N2A cells [4] , cultured retinal ganglion cells [4] , NB2a/d1 cells [5] H4-cells [6] , and primary cortical neuron cultures [6] led to an impairment of anterograde transport of a variety of kinesin cargos, including mitochondria. This leads to accumulation of mitochondria in the cell body where they cluster near the microtubule center [6] . Thies and Mandelkow [7] have shown previously that the co-expression of microtubule-associated protein/microtubule affinityregulating kinase 2 (MARK2) with tau can rescue these effects caused by tau overexpression in vitro. In confirmation of these in vitro studies, we have seen that pathological changes in a tau mouse model and human AD brain are associated with mitochondrial clustering in neuronal cell bodies [8] . Pathological tau changes are also postulated to be related to caspase activation. Caspases are activated before neurofibrillary tangles form in rTg4510 mice, and tau cleaved by Caspase 3 in the C terminus at Asp 421 (tau C) is found in new tangles [9] .
The two major pathways for protein degradation in cells are through the ubiquitin-proteasome system and the autophagy-lysosome system [10, 11] , both of which have been implicated in tau degradation in AD [12] . Misfolded tau proteins, like other natively unfolded molecules, can be detected and cleared by chaperone assisted mechanisms [13] . Recent data suggest that a critical mediator of refolding or clearance of hyperphosphorylated tau is via the HSP70/HSP90 heat shock pathways in which a specific E3 ubiquitin ligase, CHIP (carboxy terminus Hsp70 interacting protein), can recognize and target for degradation abnormal but not normal tau molecules [14] [15] [16] . CHIP is also implicated in regulation of Caspase 3 activity. In CHIP knockout mice, Caspase 3 activation is increased and caspase-cleaved tau levels are increased [17] . CHIP interacts more strongly with tau C than full-length tau [18] , suggesting it is involved in caspase cleaved tau degradation. Here, we tested the hypothesis that overexpression of CHIP can reduce the levels of pathologically altered tau protein and prevent the associated caspase activation and mitochondrial transport deficits.
We find that co-expressing CHIP with tau in Human H4 neuroglioma cells decreases tau protein levels in a manner dependent on the HSP70-binding TPR domain of CHIP. CHIP also decreases tau phosphorylation and caspase activation, and rescues the mitochondrial clustering phenotype associated with tau overexpression. These data indicate that enhancing CHIP levels or function is a promising therapeutic avenue for treatment of tauopathies.
MATERIALS AND METHODS

Plasmid constructs
In this study we overexpressed tau, CHIP, and GFP constructs in cell culture. Three tau constructs were used: the largest CNS tau isoform (441 residues, 2N4R, called 4RTau), the largest tau isoform lacking the last 20 residues mimicking caspase 3 cleavage of tau behind aspartate 421 (tauC3, 421 residues), and an aggregate prone tau construct (tau RD K280 or K18 K280, 129 residues) containing only the tau repeat domain (4R) with deletion of lysine at position 280, a mutation associated with frontotemporal dementia with Parkinsonism-17. The cloning of the 4R-tau construct and the cleaved caspase 3 4R-tau form (tauC3) were described previously [6] . Briefly the longest human tau isoform (4 repeat tau including exons 2 and 3) was carried out by standard PCR and ligation procedures. For 4R-tau using the primers 5 -CTCGAGATGGCTGAGCCCCGCCAGGAGTT-CGAAG-3 , containing an Xho-1 digestion site and 5 -AATAGGATCCAAACCCTGCTTGGCCAGGGA GGCAGAC-3 with a BamH1 digestion site. tauC3 was constructed by using the longest human tau isoform (4 repeat tau including exons 2 and 3) minus the last 60 bp with the primer 5 -TGCACCTCGAGACATGGCTGAGCCCCGCCAGG AGTTCGAAGTGCACCTCGAGACATGGCTGAGC CCCGCCAGGAGTTCGAAG-3 and 5 TTGGATCC CTAGTCTACCATGTCGATGCTGCCG-3 .
The PCR products were digested with Xho-1 and BamH1, along the pMAX-green fluorescent protein (GFP) vector (Amaxa, Walkersville, MD, USA) and ligated into the digested vector. The proaggregant tau construct tau RD K280 harboring the FTDP-17 mutation K280 and tagged with GFP was described elsewhere [19] .
For CHIP expression we used three previously described constructs: pcDNA-CHIP, pcDNA3-CHIP U lacking the U-box domain necessary for E3 ligase activity (residues 196-303 deleted) and pcDNA3-CHIP TPR lacking the TPR domain necessary for Hsp70 interaction (residues 32-145 deleted) [22, 23] . Myc-tagged CHIP constructs were produced by subcloning CHIP, CHIP U, and CHIP TPR into pcDNA3.1-Myc/His (Invitrogen). GFP-expressing plasmid was used as a control. All vectors and constructs were verified by sequence analysis.
Cell culture
Human H4 neuroglioma cells (HTB-148; ATCC) were cultured in Opti-Mem (Gibco, Carlsbad CA, USA) supplemented with 10% defined fetal bovine serum (FBS) and incubated at 37 • C, 5% CO 2 . H4 cells were plated 24 h prior to transfection, grown to 80-90% confluency. Each dish was transfected with 4 g of the Vector containing CHIP or GFP and a GFP-tau construct with an equimolar ratio of DNA constructs using Superfect (Qiagen, Chatsworth, CA) according to the manufacturer's instructions.
Toxicity assay
To determine the levels of toxicity in our in vitro experiments, we collected 48 h after transfection the cell media of a 94-well plate and performed a ToxiLight TM assay (Lonza), according to the manufacturer's protocol. ToxiLight TM is a non-destructive cytotoxicity assay kit that measures the release of adenylate kinase from damaged cells into the culture medium.
Pulse-chase experiment
To confirm that the effects of CHIP were on degradation instead of decreased translation, H4 cells were plated in 6-well dishes and transfected with 2 g of the vector containing CHIP or GFP and a GFP-tau construct as described above. After 40 h transfection, the media (Opti-Mem+10% FBS) was changed into H4-media containing 5 M of cyclohexamide (SigmaAldrich) that blocks new protein translation. The drug was reconstituted with 100% DMSO (Sigma) and prepared in sterile PBS. Cells were cultured for another 8 h and scraped into lysis buffer.
Western blot analysis
For western blot analysis, H4 cells were harvested 48 h after transfection. After washing the cells once with ice-cold PBS, and scraping into complete Lysis-M-EDTA-free lysis buffer (Roche), containing complete protease inhibitors cocktail (Roche), the cells were allowed to lyse for 30 min on ice. Cell lysates were centrifuged at 10,000 rpm 9,600×g for 10 min at 4 • C. Protein concentration was determined using a BCA-Assay (Thermo Scientific) according to the manufacturer's protocol. Total protein lysates (20 g of total protein) were solubilized in lithium dodecyl sulfate (LDS) sample buffer under reducing agent. As a loading marker the pre-stained standard SeeBlue ® Plus 2 (Life Technologies-Invitrogen) was used. Total proteins were separated by gel-electrophoresis using 10-20% Tris/glycine gels (Invitrogen) and transferred onto PVDF (Millipore) in transfer buffer containing 20% methanol and blocked in blocking buffer (5% Milk in TBST) for 1 h at room temperature, followed by incubation with primary antibodies. The following antibodies and dilutions were used: ␤-actin (Sigma; 1 : 5,000), total tau (DAKO; 1 : 10.000), human tau, HT7 (Thermo Scientific, Rockfort IL, USA; 1 : 5,000), caspase cleaved tauD421, tauC3 (Invitrogen Corporation, Camarillo CA, USA; 1 : 500), phosphotau antibody 12E8 (gift from P. Seubert, Elan Pharma; 1 : 5,000), myc (Abcam; 1 : 2,000), total caspase 3 (Cell Signaling; 1 : 500), cleaved caspase 3 (Cell Signaling; 1 : 500), and HSP 70 (StressMarq Biosciences Inc., Victoria, Canada). Immunoreactivity was visualized using Hyperfim TM ECL (GE HealthcareLimited, Backinghamshire, UK) and exposure on x-ray films. Densitometric and molecular weight analyses were performing using Image J software (National Institutes of Health). Band density values were normalized to ␤-actin, or to total tau levels when tau phosphorylation levels were analyzed or to total caspase 3 when tau level cleaved caspase 3 were analyzed.
Immunocytochemistry and calculation of mitochondrial distribution
H4 cells were co-transfected with one of the tau constructs described above and either CHIP or GFP (as a control). 24 h after transfection, mitochondria were labeled with Mitotracker Red (Invitrogen) for 30 min under normal growth conditions. Cells were then fixed in 4% paraformaldehyde for 20 min and permeabilized for 15 min with 0.5% Triton X-100 at room temperature. Immunocytochemistry was performed using primary antibodies to detect human tau (HT7, Thermo Scientific, Rockford, IL, USA, mouse, 1 : 1000; polyclonal total tau antibody, DAKO, rabbit, 1 : 5000), and the myc tagged CHIP, mouse 1 : 200: rabbit anti-myc tag, Upstate (Millipore) 1 : 200). The following fluorescently labeled secondary antibodies were used: goat-anti-mouse Alexa-Fluor 488 (1 : 500) and goatanti-rabbit Alexa-Fluor 488 (1 : 500, both were used from Invitrogen, Eugene, OR), goat-anti-mouse Cy5 (Thermo Scientific, 1 : 200) and goat-anti-rabbit Cy5 (Jackson ImmunoResearch, Westgrove PA, 1 : 200). Cells were observed using a Leica DMRE confocal microscope (Wetzler, Germany) and a 63×1.4 numerical aperture plan apochromatic oil objective.
To analyze mitochondrial distribution in the cells, images from each condition (n = 60 H4 cells per transfection condition) were acquired and analyzed using Image J software as described previously [6] . Briefly, the green (for GFP constructs) and red channels were thresholded separately (to the edge of the intensity histogram). The cell body was outlined in the GFP channel and the analyze particles function in Image J was used on the red channel to find the percentage area occupied by mitochondria.
Statistics
Data are presented as mean ± SEM. Statistical analysis were done using GraphPad Prism5 (GraphPad, California, US) and JMP software. Normality of data was assessed with Shapiro-Wilks tests. Normally distributed data (western blot quantifications) were analyzed with parametric statistics. Groups were compared using two tailed, unpaired Student's test or One-Way ANOVA with a Bonferroni's post hoc correction. Statistical significance is indicated as follows: * p < 0.05, * * p < 0.001, * * * p < 0.0001.
Mitochondrial distribution data were not normally distributed so are presented as box plots, which display the median value (line inside the box), upper quartile (top of the box), lower quartile (bottom of the box), 90th percentile (top whisker), 10th percentile (bottom whisker), and all values bellow the 10th and above the 90th percentile (potential outliers) shown as dots. Nonparametric statistics (Kruskal-Wallis tests) were used to analyze these data.
RESULTS
CHIP decreases the amount of total-tau in a TPR-domain dependent manner
To determine whether CHIP degrades several pathological forms of tau in vitro, H4 cells were transfected with tau and either CHIP or GFP (as a transfection control) for 48 h. Densitometry analysis of total tau levels of H4-cell lysates on SDS-PAGE showed a 2.0 to 2.5 fold lower levels of tau (4R-tau, tauC3, and K18 K280) with co-expression with CHIP, respectively (Fig. 1) . Toxicity assays revealed that neither CHIP nor any of the tau constructs caused cell death compared to the control GFP vector ( Supplementary  Fig. 1 ). Probing for phospho-tau with the 12E8 antibody in cell lysates from K18 K280 transfected cells reveals that tau phosphorylation is also decreased by CHIP overexpression (Fig. 1) .
Several publications suggest that molecular chaperones, e.g., heat shock protein 70 and 90 (Hsp70, Hsp90) play a fundamental role in the clearance of misfolded proteins including tau [12] . The co-chaperone CHIP interacts with Hsp70/Hsp90 to bind unfolded and misfolded proteins. Co-transfection of CHIP with 4R-tau leads to a significant increase in Hsp70 levels, however this is not the case with wither tauC3 or K18DK280 constructs ( Supplementary Fig. 2 ) suggesting that increased HSP70 protein levels are not necessary for the observed reduction in tau levels. Despite the lack of clear increases in HSP70 levels, the effects of CHIP on tau levels could be due to CHIP binding HSP70. CHIP has two important domains for his chaperone activity: the amino terminus tetratricopeptide repeat (TPR) domain that links CHIP to Hsp70 and Hsp90 [24] and the carboxyl terminus containing the U-box that is important for the E3 ubiquitin ligase function of CHIP. Either of these domains could be critical for degradation of tau since ubiquitination targets proteins for degradation and CHIP is known to interact with full-length tau in a complex with Hsc70/Hsp70 and poly-ubiquitinated tau [17] . To decipher the mechanism by which CHIP mediates tau degradation, we co-transfected deletion mutant constructs of CHIP lacking the U-box or TPR domain (CHIP U and CHIP TPR) with tau and the total tau level was analyzed 48 h after transfection. Interestingly, a significant decrease in tau levels was seen with the co-transfection of CHIP U (U-box deleted) when transfected with either K18 K280 or 4R-Tau. However, transient co-expression of CHIP TPR (containing the U-box domain) did not lead to any change in total tau levels, compared to cells transfected with tau and no CHIP (Fig. 2) . Because the TPR domain of CHIP is essential for Hsp70 interactions, these data suggest that the CHIP-mediated reduction of tau depends on Hsp70 interactions.
To confirm that the chaperone-mediated decrease of tau-associated degenerative changes was dependent on protein degradation and not transcriptional downregulation, we performed a pulse-chase experiment. 40 h after co-transfection of tau (K18 K280) with CHIP or control vector, cells were treated with 5 M cyclohexamide or DMSO. Cells were harvested 8 h after cylohexamide treatment and the level of total tau was assessed via western blot analysis. After cyclohexamide treatment, we could still detect a significant decrease in tau levels in cells that were co-transfected with CHIP indicating that the reduction in tau levels due to CHIP is due to degradation and not to transcriptional down-regulation (Supplementary Fig. 3 ). Fig. 1 . CHIP co-expression reduces levels of tau and phosphorylated tau. H4-cells were co-transfected with 4R-Tau (A), TauC3 (B), or K18 K280 (C, D) and either CHIP or control vector GFP. Total cell lysates were analyzed for total-Tau (HT7) and CHIP (myc-Ab), revealing a significant reduction in tau protein levels with chip co-expression with all 3 tau constructs (A-C). To assess tau phosphorylation, lysates from cells transfected with K18 K280 and CHIP or GFP were analyzed for total tau (K9JA), phospho-tau at S262 (12E8) and CHIP (myc-Ab), revealing a reduction in tau phosphorylation with CHIP (D). Band densities were quantified using ImageJ and normalized to actin (A-C) or total tau (D) as a loading control. Data are presented as means ± S.E.M. Total cell lysates were analyzed for total Tau level (using K9JA) and CHIP U/CHIP TPR (myc-Ab). Band densities were quantified using ImageJ, normalized to actin as a loading control. Data are presented as means ± S.E.M. Fig. 3 . CHIP reduces tau-induced caspase 3 activation after 48 h. H4-cells were co-transfected for 48 h with 4R-tau (A) or TauC3 (B), and either control vector (GFP) or CHIP. Total cell lysates were analyzed for cleaved caspase 3 levels and actin levels. Band densities were quantified using ImageJ, normalized to actin. Data are presented as means ± S.E.M. Fig. 4 . CHIP decreases an abnormal truncated form of tau (TauC3) after 4R-Tau expression for 48 h. H4-cells were co-transfected for 48 h with 4R-Tau and either control vector (GFP and CHIP). Total cell lysates were analyzed for total tau level (tauc3 specific antibody) and CHIP (myc-Ab) (A). Band densities were quantified using ImageJ, normalized to actin as a loading control (B). Data are presented as means ± S.E.M.
CHIP decreases active caspase-3 and caspase cleaved tau levels
Recent data suggest that caspases are involved in the accumulation of tau pathology [10, 25, 26] , and reductions in CHIP have been shown to cause caspase activation and increased caspase-cleaved tau levels [19] . Here we test whether CHIP overexpression can lead to a reduction of cleaved caspase-3. Tau overexpression increased active caspase 3 levels, and co-expression of CHIP reduced cleaved caspase 3 levels compared to tau expression alone (Fig. 3 ).
Since CHIP decreases the level of cleaved caspase 3 when co-expressed with tau, we predicted that the level of caspase cleaved truncated tauC3 would also be decreased. Dolan et al. [20] showed that CHIP interacts more strongly with tauC3 than full length tau. Therefore, we co-transfected H4-cells with full length CHIP and 4R-tau for 48 h and checked for the level of cleaved tau at Asp 421 . Indeed, the co-expression of CHIP caused a significant decrease tauC3 in vitro (Fig. 4) . These results indicate that CHIP is involved in degradation of caspases and caspase-cleaved tau.
Mitochondrial transport deficits are rescued by CHIP co-expression
Alterations in tau are known to disrupt microtubule based transport including that of mitochondria. To determine whether CHIP rescues mitochondrial transport deficits, we cultured H4-cells and cotransfected them with CHIP and tau (4R-tau, tauC3, or K18 K280) for 24 h followed by fixation and immunocytochemistry and confocal imaging of mitochondria. As expected, we observed a significant impairment of mitochondrial distribution with overexpression of all three tau constructs (p < 0.0001, Wilcoxon test for GFP control versus 4R-tau, GFP versus tauC3, and GFP versus K18 K280) (Fig. 5) . The percentage of the cytoplasm occupied by mitochondria in tau overexpressing cells was 12-14% compared to 20-24% of the cytoplasm occupied by mitochondria in GFP or CHIP expressing cells. CHIP co-expression led to a significant recovery in the area of mitochondria around the nucleus (19-26%) . Although all tau constructs had a statistically significant effect on mitochondrial distribution within the cell body, there were no significant differences between the tau constructs in terms of the tau-induced change in mitochondrial localization in H4-cells (Wilcoxon test Fig. 6 . Summary. Co-expression of CHIP with three different tau constructs in H4 cells leads to decreased tau protein levels, decreased tau phosphorylation, decreased caspase 3 activation and caspase cleavage of tau, and rescues mitochondrial distribution in cells. Together, these data indicate that increasing CHIP levels or activity could be beneficial in tauopathies. p > 0.05 for all pairwise comparisons of tau expressing conditions). Taken together, these data indicate that tau-overexpression leads to abnormal mitochondrial trafficking that can be rescued by CHIP-co-expression.
DISCUSSION
Pathological changes in tau including aberrant phosphorylation, misfolding, mislocalization, and aggregation are tightly linked with neurodegeneration in AD and other tauopathies. Recent failures in amyloid directed therapeutics have rejuvenated the field of therapies aimed at reducing the pathological changes in tau [20] . Several studies indicate that reducing tau levels using active or passive immunotherapy is beneficial in mouse models of tauopathy [21] [22] [23] . Another promising therapeutic avenue is the use of chaperone pathways to reduce levels of toxic tau species. CHIP has been shown to reduce tau and phospho-tau levels in several studies [15, 16, 24] . In the present study, we expand on this data to show that the toxic effects of three different tau constructs: 4 R tau, tauC3, and the aggregate prone K18 K280 fragment can all be rescued by CHIP overexpression in cell culture. We demonstrate that 1) CHIP reduces levels of tau protein, which requires the TPR-domain; 2) CHIP decreases phosphorylation and caspase cleavage of tau; and 3) mitochondrial distribution deficits induced by tau are rescued by CHIP co-expression.
CHIP has been shown to interact with tau and to ubiquitinate tau directly [25] . It also appears to work in concert with both Hsp70 [15] and Hsp90 [24] in degrading toxic tau species. Our data confirm that CHIP overexpression leads to tau degradation with three different tau constructs. While both the TPR domain and the U-box domain have been shown to be necessary for CHIP binding to tau, perhaps in a complex of proteins [15] , our data indicate that only the Hsp70 binding TPR domain is necessary for reductions in tau levels with CHIP overexpression. Previous studies have shown an increase in Hsp70 levels in both human AD and JNPL3 mice [16] . In contrast, we do not observe a consistent upregulation of Hsp70 levels across the different types of tau examined, indicating that CHIP binding to Hsp70 is sufficient to reduce tau levels without increasing overall Hsp70 levels. The relationship between tau and Hsp70 has been extensively studied with conflicting results. Some groups find that inhibiting Hsp70 is beneficial for reducing tau abnormalities [26] ; while others find that Hsp70 induction or overexpression reduce tau levels [15] . A recent study indicates that different variants in the Hsp70 family have different effects on tau clearance with Hsc70 (heat shock cognate 70) slowing tau clearance and Hsp72 accelerating tau clearance and recruiting CHIP binding [27] , potentially explaining some of the conflicting data on Hsp70 levels. The full picture of the role of chaperones in tau pathology will be difficult to determine due to the complex interactions between different chaperones and their targets in different aggregation/folding states. For example, recent work has demonstrated that Hsp90 specifically selects for late folding intermediates of tau that likely remain available for binding after Hsp70 is bound to tau [28] . Understanding the complex relationships of chaperones in removing pathological proteins is important beyond tauopathies since protein misfolding and aggregation are common to many diseases. CHIP has also been shown to be effective in clearing pathological ␣-synuclein [29] , and in the 3x-Tg-AD mouse model, amyloid-␤ accumulation is associated with decreasing CHIP levels and overexpressing CHIP reduces amyloid-␤-associated tau phosphorylation [30] .
Non-apoptotic caspase 3 activation has been implicated both in tau aggregation [9] and in synaptic degeneration in AD [31] . Previous work by Dickey and colleagues showed that deletion of CHIP leads to accumulation of phospho-tau and caspase 3 cleaved tau [17] . Here we confirm that CHIP overexpression reduces both caspase 3 activation and caspase cleavage of tau with 3 different tau isoforms.
Several studies indicate that tau disrupts transport of organelles in the cell [3, 6, 7, [32] [33] [34] . We have previously shown that overexpression of full-length tau and tauC3 in CHO-cells, H4-cells, and primary neuronal cultures change normal mitochondrial distribution within the cell body followed by mitochondrial clustering [4, 6, 7] . Similar effects tau impairing mitochondrial distribution occur in rTg4510 tau overexpressing mice and human AD brain [8] . Here we report the novel result that CHIP overexpression rescues mitochondrial distribution.
In summary, these data indicate that the upregulation of the co-chaperone CHIP can rescue pathological effects of tau and may be a promising therapeutic target.
